ABSTRACT: The design of folded miniature proteins is predicated on establishing noncovalent interactions that direct the self-assembly of discrete thermostable tertiary structures. In this work, we describe how a network of cation−π interactions present in proteins containing "WSXWS motifs" can be emulated to stabilize the core of a miniature protein. This 19-residue protein sequence recapitulates a set of interdigitated arginine and tryptophan residues that stabilize a distinctive β-strand:loop:PPII-helix topology. Validation of the compact fold determined by NMR was carried out by mutagenesis of the cation−π network and by comparison to the corresponding disulfidebridged structure. These results support the involvement of a coordinated set of cation−π interactions that stabilize the tertiary structure.
■ INTRODUCTION
Miniature proteins afford an opportunity to isolate and evaluate noncovalent interactions that direct formation of the secondary and tertiary structures present in native proteins. 1−9 Previous studies of mini-proteins have elucidated thermodynamic and kinetic features of folding that may become convoluted within the context of more complex protein architectures. Within miniproteins, the biophysical characteristics of particular interactions can therefore be elucidated more precisely. For example, the interactions between the guanidinium group of an arginine and the indole ring of tryptophan have now been extensively described. 10−19 These so-called cation−π interactions are representative of stabilizing noncovalent contacts between positively charged (Arg, Lys, His) and aromatic (Phe, Tyr, Trp) side-chain functionalities, 10 and provide distinctive contributions to protein structure and function. 11−15 Several studies have investigated the energetic contributions of binary cation−π interactions. 16−19 Their stabilizing strengths have been evaluated in the context of α-helices (−0.4 kcal/mol for residues positioned at i and i + 4) 17 and β-sheets (−0.20 to −0.48 kcal/mol). 18, 19 Computational studies have estimated that the free energy of cation−π interactions can vary up to −5.5 kcal/mol. 16 The strengths of cation−π interactions have been demonstrated to increase with temperature, 20 establishing thermoprotective influences in thermophilic organisms. 21 Networks of cation−π interactions are evident in X-ray crystal structures of numerous proteins. One example is the "WSXWS motif" found in fibronectin type III (Fn3) domain containing proteins ( Figure 1 ). The cation−π interactions in these motifs can be observed in X-ray structures stabilizing a relatively rare class of secondary structure, the left-handed poly proline type-II helix (PPII) (Figures 1, 2) . In particular, an unusual PPII-helix devoid of proline residues has been observed in the sequences and structures of several Fn3 domains (Figures 1 and 2 , Table 1 ). We sought to extract and replicate the β-strand:loop:PPII-helix Figure 1 . Cation−π interaction networks stabilize "WSXWS motifs" in native proteins. (A) Sequence logo 22 and cartoon representation of the conserved secondary structural elements observed in WSXWS motifs. (B) Cartoon representation of the Fibronectin type III domain of IL3RB in gray (PDBid: 1EGJ) with the WSXWS motif highlighted in blue (β-strand), cyan (loop), and purple (PPII-helix). (inset) The cation−π interaction network found in the X-ray structure of IL3RB. The dotted yellow lines highlight the connectivity of the cation−π interaction network formed between arginine (blue) and tryptophan (purple) side chains.
Article pubs.acs.org/JACS topology observed in these motifs and determine whether this tertiary structure could exist in the absence of the parent Fn3 protein domain. This report details the successful design of a 19-residue mini-protein that emulates the tertiary structure of WSXWS motifs including a core network of cation−π interactions.
WSXWS Motifs in Natural Proteins. WSXWS motifs are found in the structures of proteins comprising an Fn3 domain and include a β-strand:loop:PPII topology ( Figure 1 ) with a conserved "R...WSXWS" primary sequence (Table 1) . The structures feature a conserved arginine side chain intercalated between the two tryptophan residues (R...WSXWS, Figure 3A) . Additionally, the hydroxyl groups of the conserved serine residues (R...WSXWS) serve as hydrogen bond acceptors from an adjacent β-strand, as well as potential hydrogen bond donors to the i − 1 carbonyl oxygen ( Figure 3B ). The serine backbone amide HN groups also provide hydrogen bond donors to the adjacent β-strand. In some proteins, such as IL3RB ( Figure 1 , Table 1 ), the WSXWS motif is stabilized by a core network of cation−π interactions involving three arginine residues on a β-strand, which interdigitate with two tryptophan residues of an adjacent PPII-helix. The WSXWS motifs have been the focus of extensive biological studies, as they are found in a wide array of extracellular receptors. These motifs are also subject to unique C-mannosylation of their conserved tryptophan residues (PDBid: 3TGX). In addition, a variety of genetic alterations within these sequences are associated with "X-linked severe combined immunodeficiency", (OMIMid: XSCID; a.k.a. "bubble boy syndrome") revealing the critical role played by the WSXWS motifs.
PPII-Helices in Miniature Proteins. Proline-free PPIIhelices are difficult to design. Unlike other secondary structure types, the PPII-helix does not feature a propagating hydrogen bonded network. With three residues per helical turn, the cofacial i and i + 3 PPII positions are, on average, 8 Å apart (Cα → Cα), and are too distant to generate strong noncovalent interactions. Both the Trp-cage and the Avian Pancreatic Peptide (APP) miniproteins 3, 6 include a proline-rich PPII-helix packed against an α-helix generating an α-helix:loop:PPII topology. The structural rigidity engendered by multiple proline residues establishes an 23−37 β-strands, loops, and PPII-helical secondary structure elements can be seen in blue, gray, and purple respectively. a The common name for P32927 is IL3RB. Note: Additional information about X-ray structures of WSXWS motifs including their PDB identifiers can be found in the Supporting Information ( Figure S1 ). 
Journal of the American Chemical Society
Article underlying foundation for interfacing α-helical elements. Thus, the rigidity of a PPII-helix has been demonstrated to augment the stability of proximal α-helical secondary structures. Here we invert this relationship by stabilizing a proline-free PPII-helix through a set of stabilizing tertiary contacts with a neighboring peptide β-strand. This study presents a previously unexplored strategy for enforcing the left-handed PPII secondary structure type.
■ EXPERIMENTAL METHODS
Peptide Synthesis. All peptides were synthesized using standard FMOC solid-phase chemistry on 2-chlorotrityl (2-ClTrt) resin (Anaspec, Fremont, CA) using PyBop (benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate) activating agent (Anaspec, Fremont, CA). All peptides were precipitated out of cold ether and purified by reverse-phase HPLC using preparative chromatography and eluted with H 2 O−Acetonitrile (ACN) gradients in 0.1% trifluoroacetic acid (TFA). After purification, all proteins were lyophilized three times in 1:1:1 (v:v:v) H 2 O:ACN:Acetic Acid to remove TFA salts and transferred into buffer with pH adjustment after protein addition. Protein stock solutions at 2.0 mM concentrations were stored at −20°C. All peptides were characterized by mass analysis using MALDI-TOF MS or ESI MS; sequence and purity were evaluated by HPLC and NMR spectroscopy analysis. Disulfide-bridged peptides were synthesized, purified, and characterized in an analogous way but instead were cleaved from 2-ClTrt resin using a 90:5:3:2 (v:v:v:v) mixture of TFA:thioanisole:ethanedithiol:anisole.
Circular Dichroism (CD). CD spectra were collected using an Aviv (Lakewood, NJ) stopped flow CD Spectropolarimeter Model 202SF. The far-UV (190−260 nm) CD spectra were obtained using a 1 mm path length cell and in 10 mM PBS buffer at a pH of 7.5 at 100 μM protein concentrations. The near-UV (245−320 nm) CD spectra were obtained using a 1 cm path length cell and in 10 mM PBS buffer at a pH of 7.5 at 50 μM concentrations. The consensus CD spectra were established as the Gaussian weighted average of 40 scans with evaluation of ellipticity every 0.5 nm, each having an averaging time of 0.5 s. Proper "blank" spectra were subtracted from all multiple wavelength and singlewavelength spectra and thermal melts utilizing the equation (Θ sample − Θ "blank" )/(L·c·n) where L is the path length, c is the protein concentration, and n is the number of amino acids in the sequence. CD spectra are presented unsmoothed. Concentrations of protein stock solutions for conversion of millidegrees to mean residue ellipticity (MRE) were determined by UV absorbance at 280 nm using the standard extinction coefficients for the tryptophan (5690
, and disulfide-bridged cysteine (125 M −1 cm −1 ) chromophores in 6 M GnCl. Thermal melts were conducted using a 1°C/min temperature gradient, a 1 min equilibration time at each temperature step, and an average of 20 single wavelength measurements. Spectra for GnCl concentrations that spanned the folded to unfolded transition are presented in Figure 4B and their MRE values at 280 nm were converted to ΔG°at 25°C using the equation ΔG°= −RT ln Q where Q = χ/1 − χ and χ is the fraction of folded protein at the given concentration of GnCl. ΔG°values were plotted versus the concentration of GnCl and least-squares fit to a linear equation in order to extrapolate the y-intercept value corresponding to the ΔG°in native buffer at 25°C.
NMR Spectroscopy. NMR spectra were collected using a Bruker (Billerica, MA) AVANCE III-600 NMR spectrometer equipped with a TCI CryoProbe. All samples were prepared in H 2 O and D 2 O that had been purged of dissolved O 2 gas using the freeze−pump−thaw method. (Table S4) . Glycine residues were initialized and randomized into the full range of φ/ψ values. Distance constraints were calculated using the tryptophan indole reference cross-peak volume from W15Hη2 → W15Hζ3 as this has a known reference distance of 2.46 Å. Other indole ring proton cross-peak volumes with similar distances were also found close to this reference volume (V ref ). The distance from proton i to j was calculated using the equation (1/6) . Upon the basis of these calculated distances, NOEs were characterized as strong (1.8−2.5 Å), medium (1.8−3.3 Å), or weak (1.8−5.0 Å). Structures were minimized simultaneously with respect to energy and distance constraints (with "soft" 2.5 Å tolerances) using an Armijo type line-search algorithm within a Monte Carlo Metropolis acceptance criterion algorithm. Randomized backbone φ moves were limited to values within the bounds dictated by the Karplus equation ±30°. The 25 lowest energy sequences were found to obey all distance constraints within tolerances and were aligned using their Cα backbone atoms. The structure was further supported by conducting identical calculations using the Xplor-NIH software package. 41, 42 Using a standard Xplor-NIH simulated annealing minimization of 10 000 structures, sequences were found to converge to the same backbone structure determined by the Rosetta calculations ( Figure S7 ).
Sedimentation Equilibrium. Sedimentation equilibrium measurements were carried out on a Beckman (Brea, CA) XL-A analytical ultracentrifuge equipped with absorption optics and an An-60 Ti rotor. Analysis was conduced at rotor speeds of 45 000 and 48 000 rpm at 4°C. Data were acquired at two wavelengths per rotor speed setting and processed globally for the best fit to a single-species model of absorbance versus radial distance. Solvent density and protein partial specific volume were calculated according to solvent and protein composition, respectively.
Fluorescence Spectroscopy. Fluorescence spectra were obtained using a 1 cm by 2 mm path length cell (excitation path length versus emission path length) in 10 mM PBS buffer at a pH of 7.5 and 50 μM peptide concentrations. The fluorometer was configured with a calibrated Peltier temperature controller.
Miscellaneous. Least-squares fitting and graphical plotting was performed using the Scientific Python (scipy) scipy.optimize.curve_fit and matplotlib libraries. All 3-dimensional-cartoon protein graphics were created using the Schrodinger (New York, NY) PyMOL software package.
■ RESULTS AND DISCUSSION
Design and Characterization of a Mini-Protein Stabilized by a Cation−π Network. The native sequence on which to initiate the mini-protein design was chosen based on two primary criteria. First, we sought a sequence containing a loop featuring a β-hairpin, which could be nucleated using a D-Pro-Gly motif. 2, 7 Most of the loop regions observed in WSXWS motifs are lacking in canonical forms of secondary structure that could be enforced with rational peptide design (Figure 2) . Second, we wanted a sequence containing three arginine residues on the β-strand portion of the fold composing the cation−π interaction network. The only sequence meeting these two criteria was that of the WSXWS motif found in IL3RB (UniprotID: P32927). Thus, we began our investigation by synthesizing a modified 19-residue sequence from the WSXWS motif of IL3RB. The design included two modifications from the native sequence: D-Pro was incorporated at position 9 to promote a β-hairpin, and an Ile → Thr mutation was introduced at position 14 to enhance solubility. The resulting sequence, "RVRVRTSRpGYNGTWSEWS" is denoted as "TrpPlexus": a portmanteau of "tryptophan" and
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Article "plexus", signifying the network arrangement of stabilizing interactions (Figures 4 and 5) . 43 TrpPlexus was found to be monomeric at a concentration of 1.8 mM at 4°C by sedimentation equilibrium analysis ( Figure 4D ). 44 The apparent molecular mass was within 10% of that calculated for an ideal monomer, with no systematic deviation of the residuals. The fluorescence emission spectrum ( Figure 4E ) for TrpPlexus was observed to have two major emission wavelengths of similar intensities, one at 336 and 345 nm. A two-wavelength emission intensity plot is provided ( Figure 4E inset) as a proxy for the change in emission spectra shape as a function of temperature. A linear relationship between the intensities of the two emission maxima wavelengths was observed and the spectra were found to be completely reversible.
Secondary and tertiary structure content of the mini-protein was initially evaluated using circular dichroism (CD) spectroscopy ( Figure 4A,B) . In the near-UV (260−320 nm) CD spectrum, ellipticity can arise from indole and phenol absorbance bands when tryptophan or tyrosine side chains are present in an asymmetric environment. Strong CD signals in this region are exclusively observed for sequences containing significant tertiary structure. 45 Consequently, the near-UV CD signal is a stringent metric for the presence of tertiary structure. The strong near-UV CD signal for TrpPlexus was found to slightly increase in strength at elevated temperatures, indicating thermostability ( Figure 4B , see discussion below). Conversely, the near-UV CD signal was observed to decrease in strength upon addition of the chaotropic agent guanidinium chloride (GnCl). The near-UV signal demonstrated two-state sigmoidal characteristics as a function of GnCl concentration. The variable GnCl concentration near-UV CD data correlate to a ΔG°for folding of approximately −6.7 kcal/mol in standard aqueous conditions at 25°C ( Figure 4C ). The far-UV (180−260 nm) CD spectrum includes features indicating the presence of a PPII-helix, such as a lobe of positive ellipticity at 228 nm 46−48 that can be attributed to the n → π* transition of amide groups present in a PPII-helix, as well as minor contributions from aromatic side chains 49 ( Figure 4A ). The far-UV CD spectra also display similar temperature-dependent behavior observed in the spectra of other PPII-helical peptides. 50 In order to obtain an atomic-resolution solution structure, nuclear magnetic resonance (NMR) experiments were carried out on TrpPlexus ( Figure 5 ). Proton chemical shifts were assigned in the standard manner using 1 H− 1 H TOCSY experiments. Structural restraints to determine the three-dimensional structure were established using 2D 1 H− 1 H NOESY experiments. The assigned NOE cross-peaks were indicative of interdigitation of arginine and tryptophan residues and therefore complemented the near-UV CD data showing the presence of a highly ordered tertiary structure ( Figure 4B ). Using a set of unambiguous distance constraints from the NOE spectrum including 12 long-range restraints (Tables S1−S3) , we determined the three-dimensional solution structure of TrpPlexus that depicts a cation−π stabilized tertiary structure including a β-strand and a left-handed PPII-helix. The NMR ensemble structure is remarkably similar to the secondary and tertiary structure observed in the template WSXWS motif from the Fn3 domain of IL3RB with only minor differences. These small differences include alternate rotamers in the R8 and Y11 residues forming a more compact structure ( Figure 5A ), and small deviations of the backbone dihedral angles for the ensemble typically within 30°of the angles observed in the X-ray structure of IL3RB. The ω dihedral angle of D-Pro9 was determined to be in a predominantly trans amide conformation as evidenced by strong R8Hα → p9Hδ NOE cross-peaks. Additionally, the presence of NOEs from G10HN → p9Hδ supports the presence of a type I′ β-hairpin. In addition, the neighboring Asn-Gly (N12-G13) 
Article motif 1, 7, 9 serves to terminate the nascent β-strand, allowing for a transition to a left-handed PPII-helix. The patterning and relative intensities of the inter-residue and sequential NOE cross-peaks from both tryptophan indole groups match those expected for a PPII-helix displaying the most probable tryptophan rotamer. 38, 51 The resulting Hα chemical shift deviations (CSDs) from "random-coil" values were consistent in strength with those found in the CSDs of the WSXWS motifs in published NMR solution structures of whole Fn3 domains (PDBid(s): 2LFG, 1GCF, Figure S4 ). However, relative to CSDs of the Hα protons observed for other mini-proteins, those found for TrpPlexus are relatively small. To obtain CD spectra and CSD values corresponding to a fully "folded control" sequence, a cyclic version of TrpPlexus was designed with a disulfide-bridge (V2 → C, S19 → C). The disulfide-bond formation of the cyclic TrpPlexus was monitored by analytical HPLC and ESI mass spectrometry ( Figure 5E ) to identify a shift in the HPLC retention time and a reduction in mass for the cysteine sulfhydryl protons upon 
Article disulfide formation. The linear cysteine-containing sequence was observed to cyclize into two conformations. The major conformer was isolated using preparative HPLC and analyzed by NMR and CD spectroscopy. The long-range NOEs seen in Figure 5D , the measured 3 J HN-Hα scalar couplings, and Hα CSDs ( Figure 5C ) were found to be in good agreement with the linear peptide. Furthermore, the CD characterizations of linear and disulfidebridged structures were found to be nearly identical in strength and overall spectral shape ( Figure 4A,B) . The similarity of both CD and NMR results strongly validates the structure and stability of the linear TrpPlexus as depicted in Figure 5A .
To explore the influence of cationic groups on fold stability, mutants were designed that replaced particular guanidinyl (arginine) side chain groups with either amino (lysine) cations or charge-neutral urea (L-citrulline) groups ( Figure 6 ). The near-UV CD signal monitored at 280 nm provides a metric of relative tertiary structure content ( Figure 6B ). The absence of a strong near-UV CD signal for the L-citrulline triple mutant supports the conclusion that cation−π, and not stacking interactions or hydrogen bonding, is a primary determinant of TrpPlexus's folding. The near-UV CD signals, as a function of temperature, for TrpPlexus ("RRR") and the "KRK" mutant demonstrate weakly sigmoidal transitions to stronger ellipticities at elevated temperatures ( Figure 6 ). While being an important indicator of tertiary structure, the near-UV CD signal as a function of temperature is also dependent on local environmental factors. It is possible that the weak transitions are the result of small changes in the distributions of tryptophan and cationic sidechain rotamers at elevated temperatures. For the other cationic group mutants "RKR" and "KKK", the observed transitions in the ellipticities can similarly be attributed to fluctuations within rotamer populations since the cation−π interactions were stronger at elevated temperatures. 20, 21 These data support a model in which a structure containing a β-hairpin is able to situate cationic and tryptophan residues on two adjacent peptide strands in proximity to one another. However, in order to achieve a discrete tertiary structure as opposed to a molten globule, a central arginine is required to interdigitate the two tryptophan residues, resulting in a gain of tertiary structure that enhances near-UV ellipticity. Thus, the central arginine residue is the critical determinant of tertiary structure as evidenced by near-UV CD signal strength.
■ CONCLUSION
We demonstrate that establishing a network of solvent-exposed cation−π interactions can be an effective strategy in the design of a novel miniature protein tertiary structure. We also validate a strategy in which solvent-exposed cation−π interactions serve as an alternative to hydrophobic-core packing as a protein design paradigm. 16 Excising polypeptide sequences from protein structures having the following characteristics could prove valuable in the development of additional well-ordered mini-proteins: (1) rich in arginine and tryptophan side-chain tertiary contacts as well as contacts between the side chains of other residues containing cations (lysine and histidine) and π electron systems (phenylalanine and tyrosine), (2) secondary structure content supporting or enabling those contacts such as a β-hairpin, which can be stabilized and nucleated via canonical peptide design, and (3) an evolutionary conservation or homology between similar sequences maintaining a putative cation−π network. A plethora of small sequence motifs stabilized by cation−π interactions can be found in the Protein Databank. This study demonstrates a successful workflow for miniprotein discovery initiated by bioinformatic sequence/structure analysis, followed by canonical peptide design stabilizing small secondary structure motifs, and validation via thorough structural characterization.
This report details a new miniature protein offering several distinctive features, which present new opportunities for future investigation in the context of an isolated well-folded system. These features include (1) an extensive cation−π interaction network, as opposed to a binary isolated interaction, (2) a novel miniature protein topology composed of a β-strand:loop:PPII-helix, (3) an isolated β-strand in a monomeric protein, which could offer opportunities for modulating β-sheet formation, and (4) a lefthanded poly proline type-II helix formed in the absence of proline residues. The PPII-helix is stabilized through interdigitated tertiary contacts. This mode of PPII-helix stabilization in the context of a miniature protein could afford a new scaffold to emulate the i and i + 3 PPII-helical motif positions recognized by SH3 and WW protein domains. The continued engineering of miniature protein structures to contain β-strand, 52 PPII, 53, 54 or poly arginine 55−57 motifs may prove advantageous for developing a next generation of peptide therapeutics and biochemical tools. 
